Although the main function of a wastewater treatment plant (WWTP) is to remove various constituents from wastewater it can also serve as a source of energy and other materials. The generated resources can be used either on-site at the WWTP or elsewhere at an adjacent infrastructure. In the course of a current national research project, the possibilities and potentials regarding the integration of WWTPs into local energy supply concepts are being investigated in Austria. Preliminary results show that in particular the amount of thermal energy available exceeds by far the on-site demands of WWTPs. Even on-site electrical energy demands could be selfaddressed under certain conditions. This paper describes the estimation of total energy consumption and generation and the related degree of energetic self-sufficiency at certain Austrian WWTPs.
INTRODUCTION
To strengthen the competitiveness of the European Union and its Member States in a fast changing world, the European Commission (n.d.) defines five strategic targets to be reached by 2020. Regarding the issues of climate change and energy sustainability, the sub-targets are as follows: greenhouse gas emissions must be 20% lower than 1990, 20% of the consumed energy has to come from renewable sources and energy efficiency has to be increased by 20%.
In the search for renewable and climate-friendly energy sources, wastewater has come into view of science and practice. International research is focusing more and more on energy and resource recovery from wastewater (Rulkens (Kind & Levy ; Nowak et al. ) . Today, WWTPs (especially those with aerobic sludge treatment) strongly depend on an external energy supply (electricity, natural gas, etc.). According to Lindtner (), electricity is needed for the wastewater treatment process (inflow pumping station, mechanical pre-treatment, biological treatment), sludge treatment (mechanical thickening, possibly digestion, dewatering) and for infrastructure (heating, light, etc.) . Thermal energy is needed for infrastructure (heating of buildings, hot water production) and sludge treatment (pre-heating of sludge, digester heating, compensation of transmission losses). One possibility to reduce energy demand is to optimise machinery use and operational processes in the WWTPs (Panepinto et al. ) .
Another possibility is to intensify on-site energy generation at the WWTPs beyond the common combined heat and power systems (Mo & Zhang ) . Having a multiplicity of possibilities for energy generation at hand raises the question of the most appropriate and economical technology.
Today, no adequate evaluation tool is available for this purpose. Furthermore, WWTPs are usually just seen as regional energy consumers. Applying multiple technologies for energy recovery from wastewater and energy generation in general might lead to a surplus of energy at WWTPs. In this case, WWTPs could serve as regional energy cells providing adjacent infrastructure with electricity and/or heat.
However, an evaluation will be necessary to define the most appropriate and economic way for the integration of WWTPs into regional energy supply concepts. It has to be mentioned that not only technical and operational data concerning the WWTPs have to be considered, but also information on spatial structures in the adjacent area.
In April 2013, a national 3-year research project focusing on the integration of wastewater infrastructure into regional energy supply concepts was launched in Austria.
The main goals of the project are the following: estimation of the energetic potential from Austrian wastewater infrastructure, considering aspects of spatial planning; development of a tool for evaluating and optimising on-site and externally supplied material and energy flows of WWTPs to integrate WWTPs into regional energy supply concepts; and practical application of the tool at three different case studies. The paper will focus on two different aspects. First, a rough estimation of the available electrical and thermal potential at Austrian WWTPs with anaerobic sludge treatment will be carried out. Based on this estimation, the achievable degrees of electrical and thermal self-sufficiency and thus the potential quantities of surplus energy will be described. Second, preliminary results regarding the development of the tool for evaluating and optimising on-site and externally supplied use of energy (optimisation of material and energy flows in WWTPs, respectively) will be presented. To get a first impression of the energetic potential with respect to the integration of WWTPs into regional energy supply concepts, the energy consumption (electricity, heat) and generation (electricity, heat) of certain Austrian WWTPs will be estimated. One basis for this estimation will be the standard ranges of energy consumption and generation at Austrian WWTPs from Lindtner () given in Table 1 .
MATERIAL AND METHODS

Energy consumption and generation of WWTPs
Regarding thermal energy, the data in Table 1 consider only the heat generated from digester gas. It does not contain the thermal energy from (treated) wastewater.
However, as the total wastewater flow for Austria as well as the specific thermal capacity of (waste-) water is known, estimations can be carried out. For the estimation of energy consumption the following approach has been applied: total electrical, respectively, thermal energy consumption at WWTPs (EC el , EC th ) is the product of the current load of the WWTPs in PE and an electrical, respectively, thermal consumption factor (CF el , CF th ) derived from the data given in Table 1 .
The estimation of the total energy generation at WWTPs based on the use of digester gas (EG el-DG , EG th-DG ) will be made analogously:
For the estimation of thermal energy potential based on wastewater heat recovery from the effluent of WWTPs, the following approach has been applied: the thermal potential (EG HR ) is the product of the total wastewater flow (V WW ), the specific thermal capacity of water (c), the cooling of the wastewater (ΔT) and the full-load operating time of the applied heat pump (OT).
Depending on the seasonal performance factor (COP) of the applied heat pump, the thermal potential (EG HR-HP ) can even be increased by taking the electrical energy of the heat pump into account:
Optimisation of energy flows of WWTPs
As mentioned above, WWTPs may not only serve as consumers, but also as providers of certain types of energy and other resources. In the sense of an efficient (energetic) operation of a WWTP, optimisation at the detailed level of machinery use and operational processes is one important aspect. However, another crucial task is to optimise the different energy flows (and other resources) at superior system level. In this regard, both internal (on-site) as well as external sources and consumers have to be considered.
In the current project, the system will be optimised using process network synthesis (PNS), based on the p-graph method (Friedler et al. ) . PNS is a method to optimise material and energy flow networks. Its aim is to determine the optimal system of process technologies to transform resources into products (including energy). The approach of process synthesis is already state of the art in process engineering to generate process structures in industries, based on Figure 1 ). This optimal technology network is generated from the maximum structure of all feasible networks by a branch and bound optimisation algorithm. The optimum structure represents the ideal use of resources in terms of the highest economic benefit for the region.
As discussed above, the first step in applying PNS for
WWTPs optimisation is to define the maximum structure of on-site and externally supplied material and energy flows.
In this context, two different types of WWTPs are considered:
WWTPs with aerobic and anaerobic sludge stabilisation, respectively. According to Kindermann & Kollmann () the procedure to generate the maximum structure comprises three steps: specification of (raw) materials, specification of operating units (technologies) and specification of products. sup.) are also displayed.
For the PNS maximum structure set-up, raw materials (input) such as wastewater, electricity and gas supply from public providers as well as bio-waste (cooking oils) were considered.
Regarding the products (output), and depending on the type of WWTP (aerobic or anaerobic sludge stabilisation), the maximum structure of the PNS considers intermediate products (output) such as treated wastewater, stabilised sewage sludge and digester gas. Intermediate products are the basis for generation of (final) products. The possible products are reusable treated wastewater (process water), heating and cooling energy, electric power, processable sewage sludge (nutrient recovery, etc.) and natural gas substitute (gas feed-in).
The PNS maximum structure will not only distinguish between WWTPs with aerobic or anaerobic sludge stabilisation, but will also consider different sub-technologies, for instance heat exchangers and heat pumps, gas burners, combined heat and power systems, etc.
Identifying the optimum structure for a certain WWTP requires information on the prices for all types of raw materials and products. Technologies will be specified by their input and output flows of material and energy, as
Figure 1 | Maximum and optimum structure of a technology network (Friedler et al. 1995, adapted) .
well as investment and operating costs. Boundaries can be set to limit the capacity of technologies. Furthermore, additional wastewater-related aspects, such as time-dependent properties due to changing wastewater temperatures, have to be considered as well (Kindermann & Kollmann ) .
RESULTS AND DISCUSSION Energy consumption and generation of WWTPs
According to Spatzierer (), 159 of the Austrian municipal WWTPs are equipped with digester towers (out of the above-mentioned 635 WWTPs with a design capacity of at least 2,000 PE). These WWTPs represent a treatment capacity of about 11.6 million PE (around 55% of the total capacity of municipal WWTPs), representing a current load of about 7.9 million PE (EEA ). On the one hand, electrical and thermal energy from digester gas processing can be made available at these WWTPs. On the other hand, thermal energy can be retrieved from the wastewater (effluent) by the use of heat exchangers and heat pumps. The latter is also available at WWTPs without digester towers.
However, regarding the estimation of energy consumption and generation, the focus in this paper is on digester gas-producing WWTPs. (1) and (2), respectively, Equations (3) and (4) were applied. The calculated values are based on a current load of about 7.9 million PE and the energy The estimation of thermal energy from wastewater (application of Equation (5) The optimised value comprises the electric energy use of a heat pump with a seasonal performance factor of 4 (application of Equation (6)).
The ratio between energy consumption and generation gives the degree of self-sufficiency of the considered WWTPs. In Table 3 , the different values are given. It seems that self-sufficiency regarding electric energy can be achieved or even exceeded in the case of boundary conditions and WWTPs performing near the optimum. However, the thermal energy generated during digester gas processing usually exceeds the WWTP demands even under average conditions. If heat extraction from wastewater (effluent) is also considered, the WWTP can certainly be regarded as a significant regional source of thermal energy. This statement also applies to WWTPs without digestion towers.
The figures presented in Tables 2 and 3 should be seen as a rough estimation, because detailed calculations are very sitespecific and also depend on the type of WWTP. Nonetheless, it is clear that there is a significant potential for external supply of thermal energy. In contrast to electricity, which can be fed to the power supply grid at almost every point, the supply of thermal energy is a more complicated task (with lower spreading of head supply systems, and infeed temperature constraints). Heat loss in the transportation system is a major issue in thermal energy supply. There are technical solutions to counteract the problem, for instance pipe isolation, 
CONCLUSIONS
The main function of a WWTP is to remove certain constituents from wastewater. For the treatment processes and the maintenance of the infrastructure, different sorts of energy PNS can be applied to identify optimum flows within a defined system. Currently a wastewater-related PNS maximum structure comprising different raw materials, technologies and products is being set up and applied at three different WWTPs case studies in Austria. The goal of these analyses is to define the most appropriate solution for merging excess energy generation potentials at the considered WWTPs and the actual energy demands in their adjacent infrastructure. Based on the experiences gained in the case studies, a user friendly version of the PNS tool will be developed.
To increase thermal energy demand in the close vicinity of WWTPs, the targeted location of appropriate consumers is of crucial importance. For an optimised integration of WWTPs into regional energy supply systems, it is absolutely necessary to consider local boundary conditions and limitations such as spatial planning at an early planning stage.
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